department of civil engineering, trier university of applied sciences, germany. department of civil engineering, university of salerno, italy. abstRact in accordance with the latest german regulations, the basic idea of the project "sustainable urban storm Water management", funded by the trier university of applied sciences, germany, is to restore the natural water balance in urban areas to avoid the widely recognized disadvantages of runoff from impervious surfaces. to improve the components of such concepts and their hydrological simulation approaches, a one-family house in Western germany was monitored in this respect over 15 years (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012). it comprised a green roof, as well as storm water infiltration and utilization. measurements included precipitation and runoff. this data set was used for calibration of storm-runoff model approaches with increasing complexity and for simulation of hydrological green roof performance under different climate conditions (local and mediterranean). also, a long-term simulation using differing arrangements was conducted, e.g. linkage of additional storm water from a pitched concrete roof to the green roof. the investigations revealed that the most relevant model component in hydrological green roof simulation is the calculation of the evapotranspiration process. some results could be checked against values from german regulations. the most relevant practical findings are that the green roof proved itself to be an excellent "filter" for the storm water utilization tank and that the linkage between a pitched roof section and the green roof proved its worth providing additional water supply for the vegetation in rain-scarce periods, as well as a retention facility during heavy storm events.
1 intRoduction the basic concept of the project "sustainable urban storm Water management" [1] , is to restore or reachieve the natural water balance in urban areas. this is to avoid the widely recognized disadvantages of impervious surfaces in combination with conventional urban storm drainage, such as
• exacerbation of floods and droughts in the receiving water • decreased groundwater recharge • changes in the local micro climate (less evapotranspiration, rise in surface temperature, dust generation).
the latest german regulations [2, 3] and [4] [5] [6] [7] also include the natural water balance as a criterion in the evaluation of the degree of sustainability of storm water management concepts. thus, concepts are favored, which may consist of measures such as
• prevention of urban runoff by minimizing sealed surfaces • storm water infiltration and utilization • green or retention roofs.
unfortunately, in addition to minimizing sealed surfaces in new development areas, in practice, such concepts currently focus solely on storm water infiltration. this is mainly for economic reasons, because the disconnected areas do not need to be considered in the design of storm sewer systems. it is shown by sartor [8] , through simple water budget calculations, that using pure infiltration measures, due to the widely dispensed evaporation component, the underground is burdened with 2-to 7-times the amount of water as under the land-use conditions prior to sealing. there are cases of such infiltration facilities that do work and some that do not for the above-mentioned reason, in addition to other factors (e.g. soil compaction during construction). impacts on residents of the developed area in those cases range from general moisture problems to landslides. however, by positioning a green roof or a storm water utilization tank before the infiltration facility, the natural water balance can largely be met on an annual basis. thus, the water holding capacity of the soil can be increased and, under ideal conditions, there will be no exacerbation of floods in the receiving water.
2 concePt oF the PRoJect 2.1 objectives and subject of investigations to improve the components of such concepts and their hydrological simulation approaches, a one-family house in Western germany near bernkastel-kues was monitored in this respect over 15 years (1998-2012) . it comprises an extensive green roof as well as storm water infiltration and utilization. measurements included precipitation (continuously) and runoff (daily time steps) at three cross sections. at the start of the investigations in 1997 these components can be described in detail as follows (Figs 1 and 2 ).
• Pitched roof area I: a i = 41 m 2 ; runoff through vortex filter to storm water utilization facility with contents measurement of its tank
• Pitched roof area II: a ii = 25 m 2 ; runoff as at i • Pitched roof area III: a iii = 32 m 2 ; runoff divertable to sewer system or green roof • Pitched roof area IV: a iV = 34 m 2 ; runoff to measurement tank (volume V = 200 litre); usage for garden irrigation or similar; overflow to sewer system
• Green roof: a = 22 m 2 ; extensively greened flat roof, depth of growing medium 15 cm; runoff to measurement tank (500 litre); usage for garden irrigation or similar; overflow to infiltration facility (Fig. 3) • Storm water utilization facility: 1500 litre tank (corresponding to 23 litre per m 2 roof area); supplying 2 toilets (from 3 in total), washing machine and external tap; tank overflow to infiltration facility • Precipitation measurement: Recording rain gauge, registration on edP-storage and paper; check of total depths by electronic device and collection box as well as by separate simple rain gauge on the green roof.
highest priority in the monitoring concept had the continuous precipitation measurement, including different secondary control devices. on the other hand, a continuous flow measurement at the three cross-sections appeared too costly with respect to operations and maintenance, as well as to capital costs. therefore, a simple flow measurement by reading the actual water level in the tanks was conducted on a daily basis. due to the limited volume of a 500 litre tank below the green roof, its overflow was unavoidable during heavy storm events. the data gaps caused were filled by a storm-runoff simulation. a prerequisite was sufficient monitored events to calibrate model parameters.
one focus of the investigations was the hydrological behaviour of the green roof. its vegetative layer is made of sedum and spontaneous vegetation. maintenance is limited to a yearly check for unwanted tree/brush growth. 2.2 detailed study of storm water transfer over a green roof the aforementioned measures to disconnect existing sealed surfaces from urban drainage systems are often limited by the following problem: it is usually difficult to link pitched roof sections that are directed to the street, to an infiltration facility, which is mostly located in the garden on the backside of a house (Fig. 4) . typically, many one-or two-family houses (at least in germany) have an additional box-like garage connected to one side. thus, storm water from the usually higher-located pitched roof can easily be transferred over the (greened) flat roof to the infiltration facility in the garden to achieve the above-mentioned advantages with respect to the overall water balance. in those cases, the question arises whether a significant reduction of the additional water from the pitched roof (Q st in Fig. 4 ) through evaporation (Δe) on the green roof can be taken into account in the design of the infiltration facility.
3 PRactical eXPeRiences and Results
course of investigations and practical findings
at an early stage of the project, it was recognized that the storm water utilization tank often runs empty. this was caused by the specified value of only 23 litre per m 2 roof area being significantly lower than the recommended volume of 25 to 50 litre per m 2 roof area [9] . because of the following problems, the initially-provided structural option to double this volume was cancelled. For one, frequent clogging of the micro-screen of the washing machine was experienced. the machine was supplied by storm water taken primarily from the tank bottom where settled particles were also suctioned in. these originated from bird faeces and moss, washed down from the unsealed concrete tiles of the pitched roof. the vortex filter at the tank inlet proved ineffective and is generally not further recommended. a related problem was the periodically occurring odour from decomposition of the storm water, which resulted from biological degradation of the above-mentioned particles in the tank.
as a result, after about one year of operation, the washing machine was disconnected from the storm water utilization tank and connected to the public water supply. also, the water tap in the garden was never used in practice. in addition, in 2009 the storm water tank was disconnected completely from the pitched roof, since the decomposition problem was unresolved despite periodical addition of sulfur. instead, the overflow tank below the green roof was directly connected to the storm water utilization tank.
some effects became apparent after the end of the measurement period. in particular, the direct connection of the overflow tank to the storm water utilization tank was generally successful. a green roof can be recommended as an excellent "filter" with respect to water quality. also with respect to quantity, the combination of a green roof (22 m 2 area) with the additional storm water from a pitched roof of 32 m 2 appears as an ideal solution in this case, because the 1500 litre storm water tank seldom went dry or overflowed. however, it must also be taken into account that the number of persons utilizing this water has decreased from an initial four down to the present two.
the connection of the pitched to the green roof was also advantageous for its vegetation. e.g. during the rain-scarce period in spring and early summer of 2017, the roof vegetation Figure 4 : transfer of storm water from a pitched roof section, directed to the street, over a sideward green roof to an infiltration facility in the rear of a one-family house
showed relatively few problems when compared to natural vegetation. the additional water from the pitched roof section during the few, mostly light rain events was obviously sufficient (Fig. 5 ).
Quantitative results
3.2.1 general student theses demonstrated that the restoration of the natural water balance can be roughly met by using the aforementioned components (with theoretical variation in size). of course this could only be demonstrated using a simulation model that was calibrated by the measured project data. corresponding to these data, a time step of one day was generally used. one result was the establishment of a mean daily drinking water savings through the storm water utilization facility, which was calculated to be 20 litre p.p. for the period from 1998 to 2001. For this relatively small value, it must be considered that the tank volume was comparably small (see section 3.1) and that only two of three toilets in the house were supplied. during that time period, the house was occupied by a family of four. over time, number of persons was gradually reduced to two. thus, the savings values are no longer comparable to one another.
3.2.2 storm-runoff simulation since the simulation of storm water runoff from roof areas into a storm water harvesting tank does not usually generate serious problems, the focus of this study was the modelling of the hydrological green roof behaviour. the complexity of the associated simulation approaches was gradually increased. basically, however, a daily balance of the water content V of the green roof was conducted taking into consideration the precipitation input and the evaporation output in relation to the content V of the previous day. overflow, with respect to runoff Q, was only calculated if the maximum water holding capacity W max of the green roof was exceeded. compare its colour with that of the lawn in the background (on the right side is the connecting pipe from the pitched roof) early in the study it was realized that the most relevant model component is the calculation of the evapotranspiration process, since it determines the soil moisture at the start of an event and thus determines the potential storage of storm water in the green roof. the importance of the antecedent soil moisture conditions is also underlined by uhl et al. [10] and schere et al. [11] .
as the simplest approach to calculate the potential evaporation E P , the formula from brandt [12] was used:
where j: day of the year (1 January: j = 1) this led not to the real, but to that evaporation that occurs in an average year in germany on the day "j". according values vary between 0.4 and 3.2 mm per day.
to improve on this value, the following approach from haude [13] was used for the determination of daily evaporation values.
where ( For all simulations to date, the potential evaporation E P was equated to the actual evaporation E a , provided that the calculated water content V of the green roof was sufficient to supply it. For all further investigations the water budget simulation was improved by calculating the actual evaporation as a function of the actual water content V:
herewith it should be considered that plants reduce their transpiration with decreasing water content and only at saturation (V = W max ) will the potential evaporation equal the actual one.
to limit the length of this paper, all following results refer to the later and most complex state of the model, if not otherwise stated.
For calibration of the maximum water holding capacity W max , in-total 20 events were used for which the measurements appeared particularly reliable. this led to relatively small events, which generated no overflow of the measurement tank (500 litre) below the green roof. nevertheless this was advantageous because in this way events were analysed which were on the magnitude of the green roof's capacity to handle storm events. as a first step, 10 events were used from the roughly 4-year-period during which no pitched roof section was linked to the green roof. this led to a value of W max = 39 mm. For the period with additional water from the pitched roof section, 10 further events were selected and simulated, considering the measured initial loss of 0.4 mm for the pitched roof. because the value of W max = 39 mm was not changed, this second stage may be seen as a kind of validation in a wider sense. accumulated positive and negative discrepancies between measured and simulated values were near zero for both systems. nevertheless it must be stated that for some events simulation results were not satisfying. in addition, the calibrated value W max = 39 mm lies slightly below the ideal range of 46 to 75 mm according to Ref. [15] .
it can be summarized here that further model improvement appears necessary and thus further research efforts are required. but this not only applies to these relatively simple approaches. even with more complex models like the storm Water management model (sWmm), the simulation of hydrological green roof behavior causes serious problems according to a study at the münster university of applied sciences, germany.
With the calibrated model, a yearly runoff coefficient of 0.431 was achieved for the 4-year-period from 2009 to 2012. this fits remarkably well with the corresponding empirical value of 0.423 from Ref. [2] .
3.2.3 transfer of storm water over a green roof this part of the study was conducted with the above described model for the period from 2009 to 2012. For the system without pitched roof connection, with the mean annual precipitation depth of 704.9 mm, an actual evaporation depth of E a = 400.8 mm was calculated. For the alternative system, long-term simulation led to an additional burden on the green roof of Q st = 931.3 mm/a by water from the pitched roof (Fig. 4) . according to the model Δe = 76.5 mm/a of Q st were additionally evaporated. seen as a fraction of the additional water from the pitched roof, a relative evaporation of DE = (76.5/931.3 =) 8.2% was achieved.
thus, in this case, through the storm water transition from a pitched over a green roof in an average year, about DE = 8% from this additional water evaporates and a downstream infiltration facility will be relieved by the same amount. But without further investigation, including single events, this value should not be considered for actual design. however, this provides a conservative design value with additional reserves.
3.2.4 hydrological green roof performance under different climate conditions to investigate different climate conditions (local and mediterranean), weather data from the monitored green roof, located near bernkastel-kues in Western germany and from salerno in southern italy were used for long-term seasonal and single event simulations of a virtual green roof [16] . its depth was chosen as 15 cm and its parameter W max as 65% (97.5 mm). the rather oceanic climate of Western germany is characterized by warm (but not hot) summers and cool (but not cold) winters whereas the mediterranean climate generally features warm to hot, dry summers and mild to cool, wet winters. For the investigated period from 2004 to 2007, the mean annual precipitation depths are 608 mm near bernkastel-kues and 1220 mm in salerno. Roughly the same ratios as those of annual depths equate to the used seasonal (winter, spring, summer, autumn) and short term durations (maximum annual depths for 10 minutes, 6 hours, 1 day) of the precipitation values. evaporation values range from about 1.2 to 4 mm/day in salerno, while the values for germany were derived from equation (1) .
Results from the long-term simulation show that runoff can be reduced through a green roof by up to 57% in a mediterranean climate whereas in an oceanic climate there can be a reduction of about 90% (compared to an impervious roof with 100% runoff). best mitigation results were achieved in both climates for single events as well as for summer and spring seasons. the least efficiency was determined for the autumn season with an average runoff reduction of 64.4% for the oceanic climate and only 42.7% for the mediterranean climate.
in part, these relative good results show the influence of evaporation intensity and of the parameter W max . the latter was chosen here with the maximum recommended value from Ref. [15] as 65%. thus, it is significantly higher than the calibrated value of the monitored green roof with W max = (39/150 =) 26%.
4 conclusion and PRosPects the described long-term experiments and study show that restoring the natural water balance in urban areas is basically possible. it requires a combination of components such as storm water infiltration and/or utilization as well as green roofs. these tools have to be designed to interact in multiple ways. suggested improvements include: linkage between a pitched roof and a green roof for better water supply in rain-scarce periods and for storm water retention at heavy rain events. Feeding of an infiltration facility or a storm water harvesting tank by overflowing storm water from green roofs can be recommended in general. most of the improvements developed here may also help to make such measures more acceptable and attractive for (public as well as private) users.
For design purposes, hydrological green roof simulation models need to be further improved. most relevant model component is the calculation of the evapotranspiration process. the simple approaches by brandt [12] and haude [13] showed significant shortcomings in this respect.
Presently, the measured data sets from the described long-term investigation are used intensively at the university of salerno. there, a tool for planning purposes was developed that predicts hydrological green roof behaviour as a function of local meteorological variables only. the crucial evaporation process, usually considered as a water balance dependent variable, is replaced here by empirical relationships providing an a-priori assessment of soil water losses through actual evaporation [17] . even if the modelling scheme appears to offer a great potential, it still needs to be verified for different green roof systems and climate conditions. For this purpose, in spring 2017 at the campus in salerno two experimental test beds with different drainage systems and local vegetation were implemented.
